The cytoplasmic polyadenylation element (CPE)-binding protein (CPEB) binds to CPE containing mRNAs on their 3' untranslated regions (3'UTRs). This RNA binding protein comes out many important tasks, especially in learning and memory, by modifying the translational efficiency of target mRNAs via poly (A) tailing. Overexpressed CPEB has been reported to induce the formation of stress granules (SGs), a sort of RNA granule in mammalian cell lines. RNA granule is considered to be a potentially important factor in learning and memory. However, there is no study about RNA granule in Aplysia. To examine whether an Aplysia CPEB, ApCPEB1, forms RNA granules, we overexpressed ApCPEB1-EGFP in Aplysia sensory neurons. Consistent with the localization of mammalian CPEB, overexpressed ApCPEB1 formed granular structures, and was colocalized with RNAs and another RNA binding protein, ApCPEB, showing that ApCPEB1 positive granules are RNA-protein complexes. In addition, ApCPEB1 has a high turnover rate in RNA granules which were mobile structures. Thus, our results indicate that overexpressed ApCPEB1 is incorporated into RNA granule which is a dynamic structure in Aplysia sensory neuron. We propose that ApCPEB1 granule might modulate translation, as other RNA granules do, and furthermore, influence memory.
Introduction
Posttranscriptional modification is an important mechanism for faster feedback to environmental changes in a living cell. In mammalian cell lines and yeast, dormant mRNAs are understood to form RNA granules, mainly processing bodies (P-bodies or PBs) and stress granules (SGs), which control the mRNA stability (Bashkirov et al., 1997; Anderson and Kedersha, 2002; Ingelfinger et al., 2002; van Dijk et al., 2002; Eystathioy et al., 2003) . PBs are known to harbor many proteins including decapping enzymes (Dcp1, Dcp2) (Ingelfinger et al., 2002) , exonuclease (Xrn-1) (Bashkirov et al., 1997) and RNA helicase (Dhh1p/ rck/p54 protein) (Fenger-Gron et al., 2005) . SGs, which increase in number as cells are faced with stressful conditions such as heat, UV irradiation or heat shock , consist of translation initiation factors (eIF3, eIF4E and eIF4G) Moon et al., 2009) and mRNA binding proteins (FMRP; fragile X mental retardation proteins, CPEB) (Antar et al., 2005; Wilczynska et al., 2005) . Cytoplasmic polyadenylation element binding protein (CPEB) does not merely exist in PBs and SGs, its overexpression induces the formation of SGs in mammalian cells (Wilczynska et al., 2005) .
The dynamics of RNA granules has attracted many biological fields, including neuroscience. In neurons, regulation of protein synthesis, especially the synapse-specific local protein synthesis, is expected to be one of the major molecular mechanisms in memory formation that is fast and economic compared to transcription modulation. The dynamics of proteins across the granular compound have been demonstrated by the activity-dependent change in the turnover rate of Dcp1a, a neuronal RNA granule composing protein. These neuronal RNA granules, which have been named dendritic P-body like structures (dlP-bodies), also showed unidirectional and oscillatory movement (Cougot et al., 2008) . There are several reports about the functional roles of CPEB in Aplysia neurons (Si et al., 2003; Miniaci et al., 2008) . Despite the rising interest in RNA granules in the neuronal cell, however, there is no report about the characterization of RNA granules and its relationship to CPEBs in Aplysia neurons. Aplysia neuron culture system is a good tool for investigating local protein synthesis. Aplysia sensory neuron can live for several days after the cell body is dissected, and the dissected neurites can produce proteins via local translation (Villareal et al., 2007) , making it possible to detect the transcription-independent protein synthesis.
Here, we found that overexpressed ApCPEB1-a novel isoform of Aplysia CPEB-(a paper in preparation) in Aplysia sensory neurons had distinct foci in cytoplasm which were characterized as RNAprotein complexes. RNA granules had high rates of ApCPEB1 turnover and massive mobility in multiple directions, indicating the dynamic nature of ApCPEB1 positive RNA granules in Aplysia sensory neurons.
Results

ApCPEB1 localization in cytoplasmic foci
In mammalian cell lines, CPEB shows colocalization with RNA granules such as PBs and SGs. In particular, overexpressed CPEB induces the SG formation, which is composed of multiple proteins and RNAs (Wilczynska et al., 2005) . First, we cloned a novel CPEB isoform in Aplysia, ApCPEB1 (a paper in preparation) and asked whether ApCPEB1 also forms granule-like structures in cultured Aplysia sensory neurons. To demonstrate the localization of ApCPEB1, we injected EGFP fused ApCPEB1 into neuronal cell body. Consistent with mammalian CPEB localization in SGs and PBs, ApCPEB1 also existed in granule-like structures in Aplysia neurons ( Figure 1A ). Interestingly, the number and size of ApCPEB1 positive granules increased as time passes ( Figure 1A ). Many cells showed cytosolic localization and few particles of ApCPEB1-EGFP on the first day after injection. After more than two days, however, many ApCPEB1 containing particles were detected. This phenomenon might have been caused by the increase of ApCPEB1-EGFP expression. Still, other possibilities, such as slow time course of incorporation of ApCPEB1-EGFP or nonspecific overexpression artifact cannot be excluded. Accordingly, ApCPEB1 overexpression can be considered as a granule inducer.
ApCPEB1 foci are colocalized with ApCPEB
In order to check whether ApCPEB1 containing granule is an ApCPEB1 self-aggregate or a multiple protein complex, we compared the localization of ApCPEB1 and that of another kind of RNA binding protein, ApCPEB, which is an Aplysia CPEB that is expected to account for different target mRNAs. If ApCPEB1 granule contains only ApCPEB1, the localization of ApCPEB would be different from that of ApCPEB1. Our results showed that, these two proteins formed cytoplasmic particles which were highly colocalized in sensory neurons ( Figure 1B ). Therefore, overexpressed ApCPEB1 was able to induce particles formation which also contains another form of RNA binding protein, suggesting that ApCPEB1 positive granule might be a protein complex composed of diverse proteins.
ApCPEB1 positive granules contain RNAs
RNA granules characterized in neuronal cells, such as neuronal granule or dendrite P-body like structure (dlP-body), are thought to play major roles in local protein synthesis which is one of the molecular mechanisms of memory formation. Despite the growing interest in neuronal RNA granules, there has been no report on RNA granules in Aplysia which is a good tool for studying molecular mechanisms related to translational modification. Based on the fact that mammalian CPEB localizes in RNA granules, we performed RNA staining on ApCPEB1 overexpressed sensory neurons to determine whether ApCPEB1 particles are RNA granules or not. First, ApCPEB1 fused to mRFP was introduced into cultured sensory neurons. SYTO 14 dye (5 μM, green) was applied to live cells for RNA staining. ApCPEB1-mRFP particles were highly colocalized with SYTO 14 stained RNAs in intact sensory neurons ( Figure 3C ), indicating that ApCPEB1 positive granules are RNA granules.
ApCPEB1 has high turnover rate in RNA granules
The dynamic exchange of RNA granule components such as TIA-1, PABP, Staufen and hDcp1a has been detected in eukaryotes (Kedersha et al., 2000; Barbee et al., 2006; Cougot et al., 2008) . Our result established ApCPEB1 as an additional The ratio of population in moving granule per total granule was higher in distal neruites than major neurites. (C) There was difference in ratio between moving directions. The oscillatory movement showed highest percentage in total moving particles. The anterograde moving particles were the smallest group. There was significant difference between three groups. Scale bar, 5 μm.
RNA granule component. Therefore, we checked ApCPEB1 exchange across RNA granules. In order to investigate the speed of ApCPEB1 turnover, fluorescent recovery after photobleach (FRAP) assay (Cougot et al., 2008) was performed in neural cells by bleaching one fluorescent granule to measure the recovery rate. We overexpressed ApCPEB1-EGFP in cultured Aplysia sensory neurons for granule formation. A single granule containing region was bleached with a high-energy laser scan of the confocal microscope. High fluorescence recovery rate of ApCPEB1-EGFP after bleaching was recorded which indicates the fast turnover rate of ApCPEB1 (Figure 2A) . Subsequently, we tested the effect of 5-hydroxytryptamine (5 μM, 5min) treatment, a major neurotransmitter in presynaptic modulation on heterosynaptic model, of ApCPEB1 turnover rate. However, no difference was detected in the recovery speed between 5-hydroxytryptamine treated and untreated groups (Figure 2A) . Overall, the ApCPEB1 positive RNA granule is a very dynamic structure which has a fast turnover rate of ApCPEB1.
ApCPEB1 positive RNA granule has multi directional mobility
Next, we focused on the granular mobility. In the case of mammalian CPEB, CPEB-GFP forms cytoplasmic particles that contain αCaMKII mRNAs and carries the target mRNAs to distal dendrites in activity dependent manner (Huang et al., 2003) .
We thus checked the movement of whole ApCPEB1 containing RNA granules in cultured Aplysia cells. Real-time imaging of ApCPEB1-EGFP overexpressed sensory neurons was performed using confocal laser microscope for tracing the mobility of ApCPEB1-EGFP particles. The ratio of moving RNA granules was higher in distal neurites than in major neurites ( Figure 3A , distal 43.12 ± 3.78 %, n = 8; proximal 15.97 ± 2.84 %, n = 8; P ＜ 0.0001, Student's t test). On the other hand, the percentage of moving granules in 5-hydroxytryptamine treated group was almost equal to that of the untreated group (Figure 3B, distal; 44.02 ± 7.84%, proximal; 19.84 ± 3.74%). Moreover, the direction of motile RNA granules could be categorized as unidirectional retrograde, unidirectional anterograde and oscillatory ( Figure 3A) . In spite of the difference in total moving ratio between distal and proximal neurites, no difference was detected in the relative ratio of each moving direction between groups (data not shown). Among the directions, however, retrograde movements were more abundant than anterograde movements, and oscillatory movement was the most common direction (Oscillatory, 56.31 ± 6.97%, n = 8; retrograde, 30.32 ± 5.02%, n = 8; anterograde, 13.61 ± 3.48%, n = 8). No difference was detected between 5-hydroxytryptamine treated and untreated groups ( Figure 3C ). In conclusion, ApCPEB1 containing RNA granules have multi-directional movement that is unaffected by 5-hydroxytryptamine.
Discussion
We cloned the novel Aplysia CPEB isoform, ApCPEB1, and demonstrate the existence of RNA granule in Aplysia neuron which was formed by ApCPEB1 overexpression. This is the first report about RNA granule in Aplysia neuron which suggests that it might be a functional structure. The supporting evidences are that Aplysia neuronal RNA granule is highly in common with functional mammalian RNA granule and that Aplysia RNA granule harbors ApCPEB which is a functional protein.
SGs, a sort of RNA granule, are induced not only by environmental stress , but also by transfection of certain SG composing proteins including mammalian CPEB (Wilczynska et al., 2005) . In the case of Aplysia, ApCPEB1 overexpression formed RNA granules that increased in number with the incubation time which in turn raised ApCPEB1 protein expression level. The increase in the number of ApCPEB1 positive granules also might be interpreted that the ApCPEB1 incorporation into RNA granules might require times for maturation, or just as an overexpression artifact. When the case of mammalian CPEB is taken into account, however, it is more plausible that overexpressed ApCPEB1 works as RNA granule inducer in order to increase expression level. Accordingly, we can draw the conclusion that ApCPEB1 induces RNA granule formation, which is similar to the case of mammalian RNA granule.
The next evidence that exposes similar feature of Aplysia RNA granule with RNA granules in other species' is found in granule mobility. As shown in previous results, ApCPEB1 positive RNA granules were highly moving particles. The interesting feature of RNA granular mobility is the similar ratios of movement directions in mammalian RNA particles and Aplysia RNA granules. In rat hippocampal neurons, over half of the Staufen-containing transport RNPs and Dcp1-containing PBs show bidirectional movement and the other half show unidirectional movement in a similar proportion between retrograde and anterograde directions (Zeitelhofer et al., 2008) . Interpretations about RNA granule mobility in neurons are mainly about the mRNA shuttling into distal dendritic regions. Transport RNPs and RNA granules are detected in neuronal cells moving in microtubule-dependent manner (Schlager and Hoogenraad, 2009) , which are thought to transport mRNAs as a material of local protein synthesis (Zeitelhofer et al., 2008) . The interesting part is that mammalian CPEB particles in neurons also transfer its target mRNA to distal dendrites (Huang et al., 2003) . We suggest Ap-CPEB1 also would be a core factor in mRNA shuttling into distal part in neurons, and it might contribute for faster local translation which would be regulated in spine specific activity. Further studies about the movement of ApCPEB1 positive RNA granule might clarify its role and character.
Another common feature of Aplysia and mammalian RNA granule were demonstrated in the turnover rate of their components. The dynamics of RNA granule was studied by detecting the mobility of granules and turnover rates of components. In rat primary cultured neurons, the turnover rate of transfected GFP-hDcp1a in dlP-bodies is increased by NMDA treatment (Cougot et al., 2008) . The difference in turnover rates between GFP-hDcp1a and ApCPEB1-EGFP particles was the result of unstimulated neurons. ApCPEB1, in contrast to hDcp1a, showed high recovery rate after photobleaching even in the absence of neuronal activation, suggesting that ApCPEB1 overexpression, or expression only, itself is a powerful activator of ApCPEB1 recruitment within ApCPEB1 harboring granules. In conclusion, this report elucidates that the RNA granules in Aplysia neuron resembles the character of that of other species.
Moreover, the colocalization of Aplysia RNA granule with a functional protein, ApCPEB, also verifies the Aplysia RNA granule as a functional unit. ApCPEB is a RNA binding protein which regulates the local translation during maintenance of long-term facilitation (LTF) (Miniaci et al., 2008) . This colocalization suggests Aplysia RNA granule might play a functional role in neuron which include a memory related protein.
RNA granules in other species' are known to regulate mRNA stability which is expected to regulate local translation. There has been a report that tried to link local protein synthesis with RNA granule (Krichevsky and Kosik, 2001) . Aplysia neuron culture is a generally used system in studying the relationship of LTF not only with transcription (Lee et al., 2008) but with local protein synthesis (Casadio et al., 1999; Moccia et al., 2003; Wang et al., 2009) . Since local translation is a key mechanism in memory formation, linking RNA granules and synaptic plasticity with local protein synthesis might be an interesting approach. Therefore, studying the role of RNA granules in Aplysia neuron might give more insights into the approach of linking local protein synthesis and RNA granule.
Methods
Cell cultures
Primary culture of Aplysia sensory neurons was performed as described previously (Montarolo et al., 1986; Lee et al., 2001 Lee et al., , 2003 . Briefly, central ganglia were dissected from Aplysia kurodai (50-100 g) and incubated at 34 o C for 2 h in 1 Unit/ml protease (dispase II, Roche) dissolved in isotonic L15/ASW (1:1) media (ASW: 460 mM NaCl, 10 mM KCl, 11 mM CaCl2, 55 mM MgCl2, and 10 mM HEPES, pH 7.6). After a thorough washing with ASW several times to remove residual protease, the ganglia were incubated at 18 o C for at least 3 h in L15/ASW to allow recovery from heat shock. Sensory neurons were dissected from the pleural ganglia and cultured in a solution of 50% Aplysia hemolymph in isotonic L15/ASW media. Cultures were maintained in an 18 o C incubator for 3 days to allow time for stabilization of the attachment on culture plates.
DNA construction
EGFP and mRFP was subcloned into SalI-BamHI-digested pNEXδ vector (Kaang et al., 1993) to create pNEXδ-mRFP or-EGFP. A novel clone, ApCPEB1 (a paper in preparation) was obtained by performing PCR using a specific primer set. The PCR product was subcloned into HindIII-SalI site in pNEXδ-EGFP or -mRFP to create pNEXδ-ApCPEB1-EGFP or pNEXδ-ApCPEB1-mRFP.
Microinjection
Cultured sensory neurons were microinjected with DNA containing injection solution in day in vitro (DIV) 3. The injection solution for ApCPEB1 expression was made by 1 μg/μl pNEXδ-ApCPEB1-EGFP/-mRFP plasmid DNA dissolved in TK solution and 0.1% fast green (0.5 μg/μl pNEXδ-ApCPEB-EGFP plus 0.5 μg/μl pNEXδ-ApCPEB1-mRFP plasmid DNA dissolved in TK for ApCPEB-ApCPEB1 coexpression) in TK. The injection solution was loaded into filament-filled glass microelectrodes. Microinjection of DNAs into Aplysia neurons was done by air pressure as described in elsewhere (Kaang et al., 1992 (Kaang et al., , 1996 
SYTO 14 staining and live cell imaging
For live-cell RNA staining, pNEXδ-ApCPEB1-mRFP expressed cells was stained with 5 μM SYTO 14 (Invitrogen) for 10-15 min in modified L15/ASW at room temperature and then washed twice in media before evaluation (Knowles et al., 1996) . ApCPEB1 expressed cells and SYTO 14 stained culture images were acquired using a confocal laser scanning microscope (LSM510, Carl Zeiss, Jena, Germany).
The mobility of ApCPEB1-EGFP particles was measured in real-time live cell imaging. ApCPEB1-EGFP injected cultures were scanned in 3 s intervals, and then 5-hydroxytryptamine (5 μM) was applied for 5-10 min. The scanning after 5-hydroxytryptamine treatment was the same as before. The number of mobile granules was counted in major neurites within 100 μm and in whole distal neurites (over secondary neurites which branched from major into smaller neurites). More than two distal neurites were counted in one cell, and their average was regarded as one n value. The total mobility was calculated as the number of moving granules divided by total existed granules including stationary particles. The direction of movement was the number of directional moving granules per total number of mobile granules.
FRAP
For FRAP, Carl Zeiss confocal microscope was used. After ApCPEB1-EGFP microinjected sensory neurons showed fluorescent granule formation, region of interest (ROI) was placed at the most intense area of the region in which the granule resided. Five images were taken before bleach in 3 s intervals and then, ROI was bleached for 1000 iteration. Every 3 s, images were acquired to trace the granule. Mean intensity was automatically traced in time scale. One non-bleached region was also traced for control.
